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From studies of the specificity profiles of soluble, purified DD carboxypeptidases excreted from Streptomyces strains (albus G, R61, Kll, and R39) (1) (2) (3) (4) (5) , some of us suggested (2, 4) that these enzymes might be solubilized forms of transpeptidases which, when integrated in the plasma membrane, would catalyze the last step in the synthesis of bacterial cell-wall peptidoglycan (6, 7) , and would thus function as carboxypeptidases or transpeptidases, depending upon the availability of a nucleophilic acceptor (H20 or R-NH2). A similar conclusion could be drawn from results obtained by Reynolds (8, 9) with a completely different system. We now present experimental evidence showing that two different Streptomyces carboxypeptidases can indeed perform transpeptidations in aqueous solution when the proper acceptor and donor are present.
MATERIALS AND METHODS
The substrate (donor) peptide used was N', NE-diacetyl-Li Lys-D-Ala-D-Ala. DD carboxypeptidases from strains albus G, R61, and R39 were used. Enzyme units have been defined (2, 4, 5) : at substrate concentrations of 10 (10) or by the Rydon and Smith method (11) .
Paper electrophoresis was performed in 0.2 N acetic acid (pH 2.9), in acetic acid-l)yridine-water 0.33:4: 1000, pH 5.6, and in acetic acid-collidine-water 2.65:9.10: 1000, pH 7.
Radioactive chromatograms or electrophoretograms were quantitatively analyzed by cutting strips (3.6 cm in width) into sections of 5-10 mm (12) . The paper sections were placed in counting vials, 0.5 ml of water was added, and the vials were allowed to stand overnight. Bray's (13) dioxanescintillant (11 ml) was added and the samples were counted. In some experiments, samples were eluted before addition of the scintillant.
Free D-alanine was estimated by reaction with fluorodinitrobenzene (14, 15) . RESULTS Transpeptidase Activity of the R61 and R39 Enzymes at High Acceptor Concentrations. as in Fig. la (4), and therefore apparently requires a C-terminal D-alanyl-D linkage for its hydrolytic activity, complete hydrolysis of the labeled tripeptide suggests that the peptide bond formed by transpeptidation was D-alanyl-D-meso-diaminopimelic acid.
(ii) Isolated labeled peptide was mixed with the antibiotic ristocetin, at a molar ratio of tripeptide to ristocetin of 1:2. After paper electrophoresis, the major portion of the counts appeared to be linked to ristocetin, which is known to combine only with those peptides having a C-terminal D-D sequence (16 (Fig. 3) . With n-[14C]alanine as acceptor, the product was chemically the same as the donor; after initial rapid transpeptidation, it was destroyed by hydrol- formed than the corresponding D-alanine product, but the maximal amount of glycyl-glycine product was greater since it was not a substrate for hydrolysis by the enzyme and loss of product did not occur. With ['4C]glycine as acceptor, the product was relatively stable, although, in comparison to D-alanine or glycyl-glycine transpeptidation, the initial rate of product formation was slower. Apparently, n-alanine was a better acceptor than glycyl-glycine, which in turn was a better acceptor than glycine.
Effect of Penicillin G on Transpeptidase Activity of R61 and R39 Enzymes. Both R39 and R61 DD carboxypeptidases are inhibited by low concentrations of penicillin (4, Table 1 . Under the experimental conditions used, the R39 enzyme was slightly more sensitive to the action of penicillin than was the R61 enzyme. A parallel loss of transpeptidation activity and of hydrolytic activity for both enzymes was observed.
Transpeptidase Activity of the Albus G Enzyme. In contrast to the R61 and R39 enzymes, the albus G enzyme exhibited little transpeptidase activity. At ratios of glycine to tripeptide of 10: 1 and 100: 1, the yield of transpeptidation product ment) was 1.4 and 1.6%. In another experiment, transpeptidation of D-alanine, glycine, or glycyl-glycine could not be detected (Fig. 2) . Incubations were in 20 mM Tris buffer (pH 8)-2 mM MgCl2 for 1 hr, at which time the hydrolysis of donor tripeptide was complete.
DISCUSSION
The hydrolytic action and penicillin sensitivity of the soluble DD carboxypeptidases of several strains of Streptomyces have been studied on peptides with C-terminal DD dipeptide linkages (1) (2) (3) (4) (5) . The present experiments show that in the presence of a suitable carboxyl donor, diacetyl-L-Lys-D-Ala-DAla, and a proper amino acceptor, the purified R61 and R39 enzymes are able to catalyze transpeptidation with release of the terminal D-alanine residue of the donor peptide. The rate of transpeptidation (at saturating D-alanine or glycine acceptor concentrations) paralleled that of hydrolysis of donor peptide, with water as the only acceptor (Fig. la, b, and c) . When penicillin was added to the transpeptidation assay, inhibition paralleled the results observed in the carboxypeptidase assay (Table 1) . These findings strongly suggest that a single enzyme is responsible for both carboxypeptidase and transpeptidase activities.
The transfer of the dipeptidyl residue to a proper acceptor molecule is a true transpeptidation reaction and cannot be simply a reversal of hydrolysis for the following three reasons: (i) When the product of the hydrolytic action (i.e., NaN-diacety1-L-LyS-D-Ala dipeptide) was incubated with fresh R39 or R61 enzyme in the presence of a large excess of D-alanine, no conversion to tripeptide was observed. (ii) At very low acceptor concentrations (i.e., when the proportion of donor to acceptor was as much as 100: 1), the R61 enzyme still catalyzed a measurable transpeptidation. Under such conditions, a straight-forward reversal of hydrolysis would hardly be detected. (iii) Gly-Gly was a good acceptor for the R61 enzyme, and the reaction product diacetyl-T,-Lys-DAla-Gly-Gly appeared not to be a substrate for the enzyme (Fig. 3) . Especially in this latter case, transpeptidation cannot be the reversal of hydrolysis.
The synthesis of a C-terminal D-alanyl-D-meso-diamino- (19) . In Streptomyces species, analysis of the peptidoglycan layer (20) indicates that peptide crosslinking in these organisms involves a D-alanyl-D-alanine donor peptide sequence and a glycyl-Li~diaminopimelic acid sequence in the acceptor peptide to yield a D-Ala-Gly interpeptide bond in an endoposition.
Both the R61 and R39 enzymes show specificity in their requirements for acceptors. Whereas D-alanine and glycine were good acceptors, L-alanine was not an acceptor and glycylglycine was an acceptor only for the R61 enzyme. Although Gly-Gly was not an acceptor for the R39 enzyme in our transpeptidase system, it does not follow that Gly-Lidiaminopimelic acid would also be unsuitable as an acceptor. The Gly-LL-diaminopimelic acid, i.e., the sequence that occurs in Streptomyces albus G (20) , and probably also in the R39 strain, is considerably larger than Gly-Gly, and could conceivably be suitably oriented to permit transpeptidation. The albus G enzyme did not catalyze transpeptidation reactions with any of the donor-acceptor systems used. It is possible that, in this instance, the natural Streptomyces donor or acceptor activities, or both, are required for effective transpeptidation. It is also noteworthy that although all DD carboxypeptidases isolated from Streptomyces hydrolyze dimers and oligomers of the cell-wall peptide if the interpeptide bond is mediated through a C-terminal D-alanyl-D-linkage (see chart I, ref. 1), the albus G enzyme is unique among the Streptomyces DD carboxypeptidases in several respects. It is the only DD carboxypeptidase that lyses bacterial cells and walls, and the only one that is a basic protein (1, 5) .
